An important step in the herpesvirus life cycle is the switch from latency to lytic reactivation. In order to study the life cycle of Kaposi's sarcoma-associated herpesvirus (KSHV), we developed a gene expression system in KSHV-infected primary effusion lymphoma cells. This system uses Flp-mediated efficient recombination and tetracycline-inducible expression. The Rta transcriptional activator, which acts as a molecular switch for lytic reactivation of KSHV, was efficiently integrated downstream of the Flp recombination target site, and its expression was tightly controlled by tetracycline. Like stimulation with tetradecanoyl phorbol acetate (TPA), the ectopic expression of Rta efficiently induced a complete cycle of viral replication, including a well-ordered program of KSHV gene expression and production of infectious viral progeny. A striking feature of Rtamediated lytic gene expression was that Rta induced KSHV gene expression in a more powerful and efficient manner than TPA stimulation, indicating that Rta plays a central, leading role in KSHV lytic gene expression. Thus, our streamlined gene expression system provides a novel means not only to study the effects of viral gene products on overall KSHV gene expression and replication, but also to understand the natural viral reactivation process.
Kaposi's sarcoma-associated herpesvirus (KSHV), or human herpesvirus 8, is the potential etiological agent of Kaposi's sarcoma (KS) tumors (4, 21, 60) , primary effusion lymphoma (PEL) (18) , and some forms of multicentric Castleman's disease (85) . KSHV is a gamma-2 herpesvirus that is closely related to herpesvirus saimiri and rhesus monkey rhadinovirus (2, 3, 28, 73, 80) . Sequence analysis of the 140.5-kb KSHV genome revealed genes closely homologous to the viral replication and structural genes conserved among herpesviruses and other conserved homologous cellular genes that are thought to advance viral pathogenesis and contribute to the development of KSHV-associated neoplasms (73) . These include a virus-encoded interleukin-6 (IL-6) (59, 62, 65) , viral macrophage inflammatory protein (vMIP) (47, 66) , a bcl-2 homolog (76), virus-encoded interferon regulatory factors (vIRFs) (16, 35, 49, 53, 72, 95) , vCyclin (50, 77) , vIL-8 receptor (8) , viral FLICE-inhibitory protein (vFLIP) (10, 89) , and vOX2 (25) .
KSHV, a lymphotropic herpesvirus, infects CD19-positive B lymphocytes in vivo. These lymphocytes constitute a potential viral reservoir (12, 29) and can presumably sometimes develop into PEL cells. KSHV is also found in endothelial cells, thought to be the cell of origin for KS tumor cells (61) . Like other herpesviruses, KSHV can produce latent infections (69) . In KS lesions and PEL cells, the virus is primarily present in a latent state, with transcription restricted to a small set of viral genes and no detectable production of viral progeny (63) . At present, there is no cell culture system that will efficiently support KSHV infection and replication, but treatment of latently infected PEL cell lines with inducing agents, such as phorbol esters or sodium butyrate, can induce the latently infected cells to complete the lytic infectious cycle, during which complex patterns of gene regulation can be observed (9, 19, 58, 71) . KSHV also displays latent infection in vivo in KS lesions (36, 42) .
Based on expression kinetics, herpesvirus genes can be categorized into four groups: latent, immediate early, early, and late (34) . The genes of the immediate-early group usually encode regulatory proteins that govern the expression of various viral and cellular genes and therefore play a crucial role in the control of the herpesvirus life cycle. An important step in the herpesvirus life cycle is the switch from latency to lytic replication. The reactivation of Epstein-Barr virus (EBV) latency is controlled by two immediate-early genes, BZLF1 and BRLF1, whose products, ZTA and replication and transcription activator (Rta), respectively, are transcriptional activators that stimulate the expression of downstream viral target genes (24, 88, 92) . KSHV Rta, the product of the KSHV open reading frame 50 (ORF50), is a homolog of the EBV Rta. KSHV Rta has been shown to play a central role in the switch from latency to lytic replication. Ectopic expression of Rta is sufficient to dis-rupt viral latency and activate lytic replication (37, 56, 86) . Rta activates the expression of numerous viral genes in the KSHV lytic cycle, including the polyadenylated nuclear (PAN) RNA (also known as T1.1 or nut-1); Mta (ORF57), vOX2 (K14), viral G protein-coupled receptor (vGPCR) (ORF74), and vIRF-1 (K9); and its own promoter (22, 27, 30, 45, 74, 84, 93) . Since some of the genes targeted by Rta are early genes and transactivators, this suggests that Rta may, in some way, lie at or near the apex of the KSHV regulatory cascade. The detailed mechanism of Rta-mediated transcriptional activation remains unclear, but several pieces of evidence suggest that Rta activates its target promoter activity through both direct binding to the specific sequence (20, 55, 83, 84) and interaction with various cellular transcriptional factors (22, 39, 40, 52, 74, 90) . KSHV Rta thus appears to act as a critical point in the KSHV replication cycle. A careful delineation of the complete set of genes transactivated by Rta and the kinetics with which this transactivation occurs may provide a more comprehensive view of the earliest events in the KSHV replication cascade and the effects on the patterns of KSHV gene expression occurring later in the viral replication cycle.
To enhance our ability to investigate the involvement of individual KSHV genes in the viral replication cycle, we developed a system that permits the ready introduction of inducibly expressed genes into a PEL cell line latently infected with KSHV. This system uses efficient Flp-mediated recombination into the Flp recombination target (FRT) to allow the rapid and efficient introduction of test genes into the latently infected BCBL-1 PEL cell line (71) under the control of a tetracyclineinducible promoter (6, 13-15, 26, 38, 43, 78, 81) . This system produced a derivative of the BCBL-1 cell line that inducibly expresses Rta. Rta was efficiently integrated downstream of the FRT site, and its expression successfully induced a complete cycle of KSHV replication, including a carefully ordered program of KSHV gene expression, shown by RNase protection assay (RPA) and viral microarray, and release of infectious viral progeny. The data provide additional information concerning the genomewide effects of a key KSHV regulatory gene and demonstrate the utility of a system that enables the rapid construction of PEL cell lines that can inducibly express selected KSHV gene products.
MATERIALS AND METHODS
Reagents and antibodies. 12-O-tetradecanoylphorbol 13-acetate (TPA) was purchased from Sigma Chemical (St. Louis, Mo.). Polyclonal anti-K8.1, anti-KbZIP, anti-vIRF-1, anti-LANA, and anti-MIR1 antibodies were prepared as previously described (51) . Anti-vIL-6 was obtained from Advanced Biotechnologies (Columbia, Md.), and mouse monoclonal antibody against KSHV Rta was a kind gift from Koichi Yamanishi (Osaka University, Osaka, Japan). Anti-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Cell culture. KSHV-positive cell lines (BCBL-1 and its derivatives) were grown in RPMI 1640 medium (Invitrogen Life Technologies, Carlsbad, Calif.) supplemented with 20% heat-inactivated fetal bovine serum (FBS; Invitrogen) and 2 mM L-glutamine. The parental BCBL-1 cell line was a kind gift from Don Ganem. The 293 cells were grown in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% FBS. All cells were maintained with 100 U of penicillin/ml and 100 g of streptomycin/ml (both from Invitrogen) at 37°C under 5% CO 2 .
cDNA cloning and plasmid constructs. To amplify full-length cDNA corresponding to KSHV Rta, total RNA was extracted from TPA-treated BCBL-1 cells for 48 h using TRIZOL (Invitrogen) according to the manufacturer's instructions. To synthesize single-stranded cDNA, 5 g of total RNA was reverse transcribed with SuperScript II RNaseH Ϫ reverse transcriptase (RT; Invitrogen) in a 20-l reaction mixture with oligo(dT) primer for 50 min at 42°C. The cDNA pool was employed as the template for the amplification of the Rta cDNA using the following primers, which contain an EcoRI site or an XbaI site (underlined): 5Ј-CGCGAATTCGCCGCCACCATGGCGCAAGATGACAAGG-3Ј and 5Ј-C GCTCTAGAGTCTCGGAAGTAATTACGCCATTGG-3Ј. To construct pEFRta-myc-His, the PCR product was digested with EcoRI and XbaI and cloned into pEF1/Myc-His A (Invitrogen). To construct pcDNA/FRT/TO-Rta, the EcoRI/PmeI fragment of pEF-Rta-myc-His was blunted by T4 DNA polymerase and cloned into the EcoRV site of pcDNA5/FRT/TO. Plasmids pFRT/lacZeo, pcDNA6/TR, pcDNA5/FRT/TO, and pOG44 were obtained from Invitrogen. Transfection. Plasmid DNA for transfection was prepared by cesium chlorideethidium bromide equilibrium centrifugation. For electroporation into BCBL-1 cells, ϳ10 7 cells were pelleted by centrifugation, washed twice with RPMI 1640 without FBS, and resuspended in 400 l of RPMI 1640 medium without FBS. The cells and plasmid DNA were placed in 0.4-cm-electrode gap electroporation cuvettes (Bio-Rad Laboratories, Hercules, Calif.), and electroporation was carried out at 250 V and 960 F with a Gene Pulser II (Bio-Rad).
Development of a gene-inducible system in BCBL-1 cells. To develop a tetracycline-inducible system in BCBL-1 cells using Flp-mediated site-specific recombination, pFRT/lacZeo, which contains a Flp recombination target (FRT) site and a lacZ-Zeocin fusion gene, was electroporated into BCBL-1 cells. Fortyeight hours after transfection, the cells were incubated with medium containing 250 g of Zeocin (Invitrogen)/ml in 96-well plates at 10 3 cells/well and selected for ϳ6 weeks. Genomic DNAs of individual Zeocin-resistant clones were then extracted to assess the presence of the pFRT/lacZeo sequence by pFRT/lacZeospecific PCR using primers P1 and P2 (Table 1) . To measure the expression of lacZ-Zeocin fusion protein, a ␤-galactosidase assay (Promega, Madison, Wis.) was performed according to the manufacturer's protocol. To establish cell lines that constitutively expressed Tet repressor (TetR), pcDNA6/TR was electroporated into Flp-In BCBL1 cells. Forty-eight hours after transfection with pcDNA6/TR, Flp-In BCBL1 cells were selected with 250 g of blasticidin S HCl (Invitrogen)/ml in 96-well plates. The integration of pcDNA6/TR in blasticidinresistant clones was assessed by pcDNA6/TR-specific PCR using primers P3 and P4 (Table 1) . To establish the cell lines which inducibly expressed Rta (TREx BCBL1-Rta), pcDNA/FRT/TO-Rta and pOG44, which constitutively expresses Flp recombinase, were cotransfected at a ratio of 1:9 (wt/wt) into 3 ϫ 10 7 totalTREx BCBL1 cells by electroporation (Fig. 1) . Forty-eight hours after electroporation, the cells were selected with 200 g of hygromycin B (Invitrogen)/ml for 3 to 4 weeks.
Multiprobe RPA. Plasmids were constructed to make single-stranded RNA probes for RPA. The specific target sequences (Table 2) used to generate antisense riboprobes were amplified by PCR using genomic DNA of BCBL-1 cells as a template. Each PCR product was cloned into the EcoRI and BamHI cloning sites of pEF1/Myc-His A vector in an antisense orientation. For quantitation, two housekeeping genes coding for L32 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were also amplified using the following primers, which contain an EcoRI or BamHI site (underlined): 5Ј-CGCGAATTCACCC AGAGGCATTGACAACAG-3Ј and 5Ј-CGCGGATCCACTTCCAGCTCCTT GACGTTG-3Ј for L32 and 5Ј-CGCGAATTCGTCTTCACCACCATGGAGA AG-3Ј and 5Ј-CGCGGATCCATACTTCTCATGGTTCACAC-3Ј for GAPDH. To prepare multiprobe RPA sets, 2 g of each recombinant plasmid were mixed, linearized with XbaI, purified by phenol extraction, and reconstituted with Tris-EDTA (pH 8.0). One microgram of the plasmid mixture was used to synthesize an [␣-
32 P]UTP-labeled antisense RNA probe set with T7 RNA polymerase using the Riboquant in vitro transcription kit (BD PharMingen, San Diego, Calif.).
Cells were treated with 20 ng of TPA/ml (BCBL-1 cells) or 1 g of doxycycline (Dox; BD Clontech, Palo Alto, Calif.)/ml (TREx BCBL1-Rta cells) and then harvested at various time points. Total RNA was extracted using TRIzol reagent. Table 1 . pFRT/lacZeo contains the FRT site for site-specific recombination downstream of the initiation codon (ATG) and expresses lacZ-Zeocin fusion protein (lacZ-Zeo) driven by the SV40 early promoter. pcDNA6/TR constitutively expresses TetR driven by the CMV promoter and also expresses the blasticidin resistance gene (Blast) driven by the SV40 promoter. pOG44 contains Flp recombinase (FLP), which mediates the FRT site-specific recombination. pcDNA5/FRT/TO-Rta contains the FRT site followed by the hygromycin resistance gene (Hygro), which carries neither its promoter nor its start codon. This vector also contains myc/His-tagged Rta cDNA (Rta) downstream of the CMV promoter and tetracycline operator sequences (CMVp/2xTetO 2 ). (B) Schematic diagram of the establishment of TREx BCBL1-Rta cells. Plasmid vectors and drugs used to establish the system are depicted with blue and red letters, respectively. R, resistant; S, sensitive.
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At each time point, 30 g of total RNA was hybridized to the 32 P-labeled RNA template at 90°C for 3 min and subsequently hybridized at 56°C for 16 h. RNase protection reactions were carried out using an RPA kit (BD PharMingen) according to the manufacturer's instructions. Following precipitation of the digested RNA, the samples were separated on a 5% denaturing acrylamide gel. The gels were analyzed using a phosphorimager (BAS 2000; Fuji Photo Film Co., Tokyo, Japan).
Immunoblot analysis. Cells were lysed in lysis buffer (50 mM HEPES [pH 8.0], 150 mM NaCl, 1% NP-40) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM Na 2 VO 3 , 1 mM NaF, 1 g of aprotinin/ml, 5 g of leupeptin/ml, and 1 g of pepstatin/ml). The cell lysates were resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis gels and transferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, Mass.). After the membranes were blocked in 10% nonfat milk, primary antibodies were used at 1:500 to 1:2,000 dilutions, and secondary antibodies were used at 1:5,000 to 1:10,000 dilutions in 3% nonfat dry milk. After a final washing, the membranes were used for enhanced chemiluminescence assays (SuperSignal; Pierce, Rockford, Ill.) with a Fuji phosphorimager.
DNA microarray analysis. A KSHV gene array was described by PauloseMurphy et al. (68) . We designed additional primer pairs to amplify KSHV fragments to produce detectors for the following ORFs: vMIP-II, vMIP-III, K4.2 (National Center for Biotechnology Information accession no. U93872), ORF58, K-bZIP (73), K8.1 (79), and K8.2 (94) . To improve PCR efficiency, the primers were redesigned for KSHV ORF vMIP-I, ORF23, ORF62, ORF LANA, and ORF75 (73) . The additional and replacement primers were synthesized by Invitrogen. The primer pairs (Table 3) were designed to amplify fragments of 100 to 300 bases from the appropriate viral ORF. BCBL-1 high-molecular-weight DNA was used as a template. All PCR products showed a single band of appropriate size by gel electrophoresis and were subsequently ethanol precipitated, washed twice with 70% ethanol, and resuspended in Tris-EDTA buffer. Microarrays were printed at the National Cancer Institute, Center for Cancer Research Advanced Technologies Center, using the OmniGrid arrayer (Gene Machines, San Carlos, Calif.). A total of 91 viral genes and a set of 96 cellular housekeeping genes (46) were provided by the National Human Genome Research Institute, National Institutes of Health (NIH). Each DNA fragment was diluted in 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to a final concentration of 0.5 mg/ml. The diluted fragments were transferred to a 384-well plate prior to printing. Three control cellular gene subarrays were printed along with one viral subarray. Each DNA element was spotted in duplicate onto poly-L-lysine-coated slides using SMP-3 spotting pins (Telechem International, Sunnyvale, Calif.), UV cross-linked, and blocked as previously described (31, 82) .
Poly ( Poly(A) ϩ RNAs isolated from TREx BCBL1-Rta cells and TREx BCBL1-vector cells were reverse transcribed using the Superscript II kit (Invitrogen) with an oligonucleotide (dT 29 V)-anchored primer and were labeled or reverse labeled, respectively, with Cy3-or Cy5-dUTP (Amersham Biosciences, Piscataway, N.J.). The paired reaction mixtures were combined, and unincorporated fluordUTPs were removed with Qiaquick PCR purification spin columns (Qiagen, Valencia, Calif.). Purified fluorescently labeled cDNA probe was mixed with human Cot-1 DNA (Boehringer Mannheim, Indianapolis, Ind.), poly(dA) (Amersham), yeast tRNA, and salmon sperm DNA (Sigma); applied to microarrays; and hybridized at 65°C for 16 to 18 h. Following hybridization, the slides were washed in 0.1% SDS-0.5ϫ SSC followed by 0.01% SDS-0.5ϫ SSC for 2 min each at 60°C, with a final wash in 0.06ϫ SSC for 2 min at room temperature. The slides were dried by centrifugation and immediately scanned. Both normal and reverse-labeled hybridizations were repeated at least once. The data obtained using the different arrays and experiments were consistent.
The slides were scanned with the GenePix 4000 scanner (Axon Instruments, Inc., Foster City, Calif.) as previously described (68) . The Cy5-Cy3 spot signal images of viral and cellular housekeeping gene spots were analyzed using GenePix Pro version 3.0 (Axon Instruments) and a custom designed gene array list file generated by the BioInformatics and Molecular Analysis Section at the Center for Information Technology, NIH. The localized raw ratios with background subtracted were subsequently uploaded into the Center for Cancer Research Microarray Data Base (mAdb) (http://nciarray.nci.nih.gov/) for normalization of the cellular housekeeping genes to establish a calibrated expression ratio (CalRatio) for the KSHV genes (11, 23, 68) . The KSHV genes' CalRatios were sorted by sample time points and array replicates, log 2 transformed, and then clustered by Pearson's correlation using the hierarchical clustering algorithm (32) or by the self-organizing mapping (SOM) algorithm (48) using the mAdb analysis tools.
Electron microscopy. Transmission electron microscopy was performed as previously described (51) . TREx BCBL1-Rta and BCBL-1 cells were induced by Dox or TPA, respectively, for 72 h. The cells were rinsed twice in cacodylate buffer and placed in Karnovsky's fixative. The cell pellets were postfixed in 1% OsO 4 , dehydrated in a graded series of solutions of ethanol and propylene oxide, and embedded in Spurr's resin for thin sectioning. The thin sections were stained with uranyl acetate and lead citrate and examined on a Philips EM 300 electron microscope. Infectivity assay. TREx BCBL1-Rta cells (3 ϫ 10 5 /ml) were incubated for 96 h with or without 1 g of Dox/ml. The culture medium was then centrifuged at 770 ϫ g for 5 min, and cell-free supernatants were obtained by filtration through a 0.45-m-pore-size membrane. The supernatants were incubated with 293 cells in six-well plates for 24 h, followed by total RNA extraction. cDNA was synthesized by SuperScript II RNaseH Ϫ RT in a 20-l reaction mixture with random hexamers for 50 min at 42°C. ORF29 cDNA was then assayed by PCR, as described previously (70) .
RESULTS

Development of a gene-inducible system in KSHV-infected PEL cells.
To study the life cycle of KSHV and the contributions of selected viral genes to the viral life cycle, BCBL-1 cells persistently infected by KSHV were engineered to establish a Flp-In/TetR-inducible system. This system streamlines the generation of stable, tetracycline-inducible mammalian expression cell lines by taking advantage of a yeast DNA recombination system which uses Flp recombinase and site-specific recombination to facilitate integration of the gene of interest into the genome. To generate an Flp-In-and TetR-inducible BCBL-1 cell line, we sequentially transfected two plasmids (pFRT/LacZeo and pcDNA6/TR) into BCBL-1 cells (Fig. 1A) . After the first round of transfection, multiple Zeocin-resistant clones were assayed for pFRT/lacZeo DNA by PCR, Southern blotting, and ␤-galactosidase activity assay (Fig. 1B, step I) . The ␤-galactosidase assay showed similar levels of activity in individual Zeocin-resistant clones, indicating that the pFRT/ lacZeo plasmid was integrated at transcriptionally active loci (data not shown). We selected one clone, called Flp-In BCBL1, to introduce the pcDNA6/TR plasmid vector, which expresses the tetracycline repressor protein (TetR) (Fig. 1B,  step II ). After selection with blasticidin B, individual blasticidin-resistant clones were used to assay for the presence of the pcDNA6/TR plasmid by PCR (data not shown). We chose one clone, called TREx BCBL1, for further study (Fig. 1B, step  III) .
Generation of tetracycline-inducible Rta expression in BCBL-1 cells using Flp-In recombination system. To develop a system in which the KSHV Rta could be expressed under the control of a tetracycline-inducible promoter, we introduced cDNA encoding Rta into TREx BCBL1 cells. The expression plasmids pcDNA5/FRT/TO-Rta, containing the myc/Histagged full-length Rta, and pOG44, containing the Flp gene, were electroporated into TREx BCBL1 cells, followed by selection with 200 g of hygromycin B/ml for 3 weeks (Fig. 1B,  step IV) . In addition, the control vector pcDNA5/FRT/TO was included to generate TREx BCBL1-vector cells as a control. PCR and ␤-galactosidase assays confirmed the presence of the vectors within the cells (Fig. 1 and Table 1 ). The lacZ-Zeocin fusion gene was detected in the Flp-In BCBL1 and TREx BCBL1 cells, but not in TREx BCBL1-Rta and TREx BCBL1-vector cells (Fig. 2A, top left) . The 3.0-kb full-length Rta genomic sequence was readily amplified from parental BCBL-1 and BCBL-1-derived cells, whereas the 2.1-kb spliced Rta cDNA sequence was detected only in TREx BCBL1-Rta cells ( Fig. 2A, top right) . Furthermore, the Rta cDNA sequence downstream of the cytomegalovirus (CMV)/tetO 2 promoter was detected only in TREx BCBL1-Rta cells and not in other cells (Fig. 2A, middle right) . Finally, Flp-In BCBL1 and TREx BCBL1 cells displayed strong ␤-galactosidase activities, whereas TREx BCBL1-Rta and TREx BCBL1-vector cells showed an absence of ␤-galactosidase activity (Fig. 2B) . These Expression of KSHV viral proteins induced by Rta. KSHV Rta expression is sufficient to end viral latency and activate lytic replication to completion (37, 56, 86) . To assess the ability of the Dox-induced Rta to activate the expression of other viral genes, TREx BCBL1-Rta cells were treated with 1 g of Dox/ml for various periods and harvested for immunoblot analysis with antibodies against His, Rta, K-bZIP, vIL-6, vIRF-1, MIR1, K8.1, and LANA. In addition, TPA-stimulated parental BCBL-1 cells were included as controls. Anti-His and anti-Rta antibodies readily detected the His-tagged Rta protein derived from the CMV/tetO 2 promoter and/or authentic Rta derived from its own viral promoter after 4 h of Dox treatment (Fig. 3) . Upon Dox treatment, an increase in immediate-early lytic K-bZIP and vIL-6 protein expression was also detected somewhat earlier than that of early lytic vIRF-1 and MIR1 proteins in TREx BCBL1-Rta cells. Finally, late K8.1 viral envelope protein was detected after 24 h of Dox treatment. This indicates that upon Dox treatment, Rta is able to induce the expression of several viral genes in a well-ordered, kinetically appropriate manner. A striking feature of Rta-mediated lytic replication was that the expression of Rta increased much more rapidly and to much higher levels following induction with Dox than with TPA. Increased Rta expression was detected only after 24 h of TPA stimulation, whereas it was detected within 4 h of Dox treatment (Fig. 3) . Increased expression of other viral proteins was also detected at much earlier time points after induction in Dox-treated TREx BCBL1-Rta cells than in TPA-stimulated BCBL-1 cells (Fig.  3) . These results indicate that the ectopic expression of Rta was capable of inducing KSHV gene expression in a more powerful and efficient manner than TPA stimulation.
Detection of KSHV gene expression by multiprobe RPA. Having confirmed that Dox induction leads to high levels of Rta expression and the expression of several other gene products, we developed a multiprobe RPA to characterize the kinetics of a series of KSHV RNAs following Dox induction. The multiprobe RPA allows the relative expression levels of multiple viral genes to be compared in an individual sample. We chose to analyze a panel of genes that were expressed (i) during the immediate-early lytic cycle (K-bZIP, ORF45, Rta, and Mta genes), (ii) during the early lytic cycle (T1.1, K1, MIR1, vOX2, vIRF-1, vGPCR, and Kaposin genes), (iii) during the late lytic cycle (ORF29A, ORF36, ORF47, ORF58, and K8.1 genes), and (iv) during latency (LANA and LANA2 genes). These 18 genes were divided into three multiprobe sets
FIG. 3. KSHV protein expression in TPA-induced BCBL-1 cells (A) or Dox-induced TREx BCBL1-Rta cells (B)
. At the indicated times after stimulation with TPA (20 ng/ml) or Dox (1 g/ml), equal amounts of total proteins were analyzed by immunoblotting with KSHV-specific antibodies. Anti-actin antibody was used to monitor protein amounts.
( Table 2 ). Also included in each set were probes for the genes encoding human ribosomal protein L32 and GAPDH, which served as housekeeping genes to correct for sample variability.
Total RNA was isolated from Dox-treated TREx BCBL1-Rta cells and TPA-treated BCBL-1 cells at time points from 0 to 72 h. Upon Dox treatment, TREx BCBL1-Rta cells showed strong, rapid induction of K1, LANA2, and Kaposin and a lesser induction of LANA and T1.1 (Fig. 4A) . Both vOX2 and vGPCR in TREx BCBL1-Rta cells became highly expressed 8 h after Dox stimulation, reached a maximum at 16 to 20 h, and declined thereafter (Fig. 4A) . In contrast, vOX2 and vGPCR expression weakly and continuously increased following TPA stimulation (Fig. 4A) . This indicates that the kinetics of vOX2 and vGPCR in TREx BCBL1-Rta cells is distinct from that in TPA-induced BCBL-1 cells. Using the second set of probes, we found that a drastic increase in Rta mRNA was detected 4 h after Dox treatment in TREx BCBL1-Rta cells, followed by a rapid increase in K-bZIP, ORF45, Mta, and MIR1 mRNAs (Fig. 4B) . While both TPA and Rta expression efficiently induced the expression of late genes, Rta-induced expression of late genes was greater than that induced by TPA (Fig. 4C) . It is also interesting that, as seen with the replication of many herpesviruses, L32 and GAPDH cellular expression was greatly reduced during Rta-induced lytic replication, whereas it was not affected during TPA-induced lytic replication (Fig. 4) . Thus, these results reinforce the fact that the Dox-induced expression of Rta is capable of inducing highlevel viral gene expression in TREx BCBL1-Rta cells in a kinetically appropriate manner.
Effect of Rta expression on viral gene expression. Array technology can be used to provide a comprehensive view of viral gene expression patterns during the viral replication cycle. To further delineate the effects of overexpressing Rta on KSHV gene expression, we utilized a recently described KSHV DNA microarray (68) . This viral array, which contains nearly every known KSHV ORF, allowed us to monitor the global changes in KSHV gene expression following induction of Rta expression. RNAs from Dox-treated TREx BCBL1-vector (control) and Dox-treated TREx BCBL1-Rta (Rta-expressing) cells were reverse transcribed, and the labeled cDNAs (Cy3-TREx BCBL1-vector and Cy5-TREx BCBL1-Rta) were hybridized to the viral array. The array was scanned, and the expression ratio of the viral genes in the Dox-treated TREx BCBL1-Rta cells to that in the Dox-treated TREx BCBL1-vector cells was obtained. This expression ratio was normalized to a set of housekeeping genes to obtain a CalRatio. This CalRatio is tabulated for each of the viral genes in Table 4 , together with the putative function of each ORF, the expression class assigned for each gene using three different classification methods (see below), the change in expression (n-fold) for each gene above the baseline value, and the percentage of the maximum expression observed for each gene at each time point.
Overall, it is apparent that expression of Rta led to a very powerful induction of all the viral ORFs, with the changes in expression observed following induction ranging up to and beyond 100-fold by 24 to 48 h. The results generally agree with those seen using the RPA, and this result is far greater than that previously observed with induction of KSHV replication following induction with TPA (63) . The data were subjected to a hierarchical clustering analysis (Fig. 5) . Here, it can be seen that the expression of the induced Rta gene (ORF50) increases at the earliest time points, followed by increases in expression of the other viral genes. Even though all the viral genes were very strongly induced, the increases in expression of some viral genes can be seen to occur at earlier time points than others.
The replication cycle of herpesviruses involves a carefully ordered pattern of gene expression, classically including immediate-early, early, middle, and late genes (5, 41, 57, 67) . To better appreciate the different expression patterns of the various viral genes, the CalRatio values obtained at each time point were normalized by dividing by the maximal expression and multiplying by 100 to yield a percentage of maximal expression. This normalization aids in comparing the expression patterns of abundantly expressed and scarcely expressed genes. The maximum-normalized expression data are presented in VOL. 77, 2003 Rta-MEDIATED KSHV LYTIC REPLICATION 4211 Table 4 . To better understand the regulation of viral gene expression, it may be helpful to determine when during the viral replication cycle increases in expression of a given gene first begin. In one approach to this question, we determined when the expression of each gene first increased twofold over its baseline value. To eliminate the baseline expression due to vector "leakiness," each gene's CalRatio was first normalized by dividing by its expression at zero hour. The time at which a Duplicate spotted genes' calibrated ratios that were split between two groups were placed near the closest SOM group. The color codes represent the gene's respective rate profiles described in the text and shown in Fig. 7 . DT, time of first expressional doubling with respect to baseline expression at time zero. The quantitative data (from left to right) represent the respective average calibrated Rta/empty-vector ratios for each gene at each hour collected post-Dox addition; the change measured by each gene's expression at each time point (CalRatio) divided by its time zero baseline expression (CalRatio); and the percentage of maximum expression measured by each gene's change at each time point divided by its respective maximum change (set at 100). doubling in expression was first observed and the time the expression levels were normalized to the value at the time of maximum expression are included in Table 4 . Some genes, such as the known early genes and activators ORF45, ORF K8 (K-bZIP), and ORF57 (Mta), show rapid increases after the induction of Rta expression. Other genes, such as those involved in viral DNA replication, show increases in expression later, while still others, such as those for the virion structural proteins, ORF25 (major capsid protein), ORF26 (minor capsid protein), and ORF17 (involved in virion assembly and proteolytic processing), show notable increases in expression only much later. Following Rta induction, many of the cellular homologs ("pirated cellular genes") appear to be expressed relatively early. Although there are certainly exceptions, the viral gene expression generally appears to follow patterns that would be predicted given their known functions and homologies.
While the time at which a gene first shows a twofold increase in expression offers one way of assessing the onset of expression, that analysis may be subject to some distortions. We therefore used additional analytic approaches to assess changes in KSHV gene expression and to group the viral genes into different expression classes. In one analysis, we examined each gene on a more qualitative level based on its expression rate characteristics. We defined the expression rate as the change in normalized expression over change in time, or ⌬[(E x /E x-0 )/ E x-max ]/⌬t, where E x is the calibrated ratio for gene X, E x-0 is the calibrated ratio for gene X at time zero, E x-max is gene X's maximal calibrated ratio, and ⌬t is the difference between corresponding consecutive time points. The rates for each gene were graphed and manually sorted into four different groups. The assignment of each gene into expression rate groups is listed in Table 4 based on pattern similarity. The color-coded rate plots are presented in the context of the viral ORF map in Fig. 6 . The red group's rate profile was defined by a change in expression rate of Ն2-fold prior to 12 h, typically with a strong peak by 24 h, followed by rapid decline until 48 h. The purple group's rate profile was defined by a rate that was near zero until after 16 h, when it increased to Ͼ2-fold and then rapidly declined from 24 to 48 h. The green group's rate was near zero until after 16 h, when the rate exceeded twofold and then remained steady up to 48 h. The blue group's rate hovered near zero until after 16 h, when the rate exceeded twofold and continued to rise until 48 h. This analysis indicated that each color group principally represented immediate-early, early, early-late, and late gene expression of KSHV. To further characterize the kinetics of KSHV gene expression following Rta induction in groups that may be biologically pertinent, we grouped the KSHV genes into four distinct kinetic classes using SOM, a self-learning algorithm, to assign the genes to distinct sets. SOM analysis classified the genes into different expression groups (Fig. 7) . The assignment of genes to each group generally accords with their putative functions. The genes clustered in SOM group 1 started to be expressed 2 to 4 h after Dox treatment, typically with a strong peak by 24 h, followed by rapid decline. This group consisted of immediate-early lytic genes, such as the Rta gene, ORF57 (Mta), ORF K8 (K-bZIP), and K8.2 (Fig. 7) . The cluster of genes in SOM groups 2 and 3 showed a peak in expression 20 h after Dox treatment, but the cluster in SOM group 3 showed a more gradual fall in comparison to the cluster in SOM group 2 (Fig. 7) . These two groups largely consisted of DNA replication proteins, along with additional transcription factors, including ORF44, ORF40, ORF54, ORF56, ORF59, and ORF61. Finally, the genes assigned to SOM group 4 consisted mainly of late lytic structural and assembly genes, gB, K8.1, ORF19, ORF25, and ORF68 (Fig. 7) . Although some genes were not placed in the same groups by all the different analyses, most of the assignments to expression class groups were reasonably consistent. Genes that were placed in SOM group 1 generally were placed in the red expression rate group and had early expression-doubling times. Many of these genes were known immediate-early genes and transactivators. Conversely, many of the genes in SOM group 4 were also placed in the blue expression rate group and had later expression-doubling times. Thus, the KSHV expression pattern following induction by Rta generally conforms to the pattern expected of a herpesvirus. Also as expected, the gene expression patterns provide evidence for coordinated regulation of expression across the KSHV genome. That is, genes with like functions have similar expression patterns, even though they lie far apart on the genome and are under the control of different promoters. It is interesting that the kinetics of induction of individual genes does not necessarily depend on precise mechanisms that Rta uses to mediate the changes in expression. For example, ORF K7 (PAN) is directly targeted by Rta, but its increases in expression come only relatively late following Rta induction (78) . Other genes not known to be directly targeted by Rta show large increases in expression soon after induction by Rta.
Thus, our viral microarray results demonstrate that Rta strongly induces activation of viral lytic gene expression and that, unlike TPA stimulation, which leads to mostly linear lytic gene expression, Rta-induced lytic gene expression is strictly ordered.
Release of infectious viral progeny by Rta expression. While it has been generally accepted that Rta expression is sufficient to trigger the completion of a full KSHV replication cycle, this has not been formally demonstrated. To determine whether Rta expression was sufficient to trigger the completion of the KSHV replication cycle, we further examined KSHV virion production following induction of Rta expression. TREx BCBL1-Rta cells and parental BCBL-1 cells were induced by Dox and TPA, respectively, for 72 h and subjected to transmission electron microscopy. This experiment showed that TREx BCBL1-Rta cells produced virion particles upon Dox treatment at a level similar to that of TPA-stimulated BCBL-1 cells (Fig. 8A) .
To test the infectivity of KSHV virion progeny produced following induction of Rta, we used an assay developed by Renne et al. (70) . This assay used RT-PCR analysis of ORF29 to discriminate viral expression from input virus and to provide information about the nature of the infection in the recipient cell. Cultured 293 cells were infected with cell-free supernatants of TREx BCBL1-Rta cells with or without Dox treatment. After adsorption, the cells were washed twice with fresh culture medium. Total cellular RNA was extracted and used for RT-PCR analysis as previously described (70) . No PCR product was obtained from 293 cells that were mock infected or infected with the supernatant of TREx BCBL1-Rta cells without Dox treatment (Fig. 8B, lanes 3, 4, 5, and 6 ). By contrast, 293 cells exposed to the supernatant of TREx BCBL1-Rta cells with Dox treatment showed a band that comigrated with the PCR product obtained by amplifying cDNA from TPA-stimulated BCBL-1 cells (Fig. 8B, lanes 1, 2,  7 , and 8). These data indicate that Rta expression initiates the completion of KSHV lytic replication to produce infectious viral progeny, which are capable of entering 293 cells, delivering the viral genome to the nucleus, and allowing transcription of genes such as ORF29.
DISCUSSION
Herpesviruses replicate through a carefully ordered program of gene expression. In order to fully understand the KSHV replication cycle, the details of the KSHV gene expression program must be defined. Unfortunately, no fully satisfactory in vitro replication model exists for KSHV. To provide a useful means to study KSHV replication and reactivation, we developed the Flp-In-mediated recombination and tetracycline-inducible expression system in KSHV-infected PEL cells. This Flp-In/TetR system has several advantages. (i) The target gene is efficiently integrated into the host genome downstream of the simian virus 40 (SV40) promoter after the replacement of the lacZ-Zeocin fusion gene. Our PCR analysis and ␤-galactosidase assay indicate that Flp recombinase precisely and effectively induces DNA recombination at the FRT site. As a consequence, the entire lacZ-Zeocin fusion gene was replaced with the target gene downstream of the SV40 early promoter region in an efficient manner, and this replacement was verified by ␤-galactosidase assay. (ii) The single locus for gene insertion minimizes the genetic variation that is often associated with the random integration of target genes. Specifically, this would be an important issue for the comparative study of the functions of different viral genes or mutants. (iii) KSHV-infected PEL cells, including BCBL-1 cells, have been shown to have a transfection efficiency of Ͻ5%. Because of this inability to support efficient transfection, it is technically challenging to conduct studies that investigate the effects of selected genes upon the virus within the latently infected cells. It may also sometimes be difficult to interpret these studies because the investigator must distinguish the actions of the transfected gene upon the small fraction of transfected cells from the background observations due to the large majority of untransfected cells. These distinctions may be particularly difficult because ϳ3 to 5% of untreated or uninduced BCBL-1 cells are engaged in a KSHV spontaneous lytic replication cycle at any given time (56) . Thus, the Flp-In/TetR system allows us to overcome poor transfection efficiency and the difficulties that result from spontaneous lytic replication and also provides a homogenous population of KSHV-infected BCBL-1 cells for the study of individual gene functions in viral replication.
To date, studies of KSHV replication have generally employed latently infected PEL cell lines induced to undergo lytic replication by treatment with TPA or sodium butyrate (17, 58, 64, 71, 75, 87, 91, 94) . Three published studies have described a genomewide transcriptional pattern of KSHV during a lytic replication cycle (33, 44, 68) . While treatment of latently infected PEL cells with TPA or butyrate can trigger a complete KSHV replication cycle, the agents are nonphysiological, relatively promiscuous activators that broadly target the protein kinase C pathway and the AP-1 family of transcription factors (7, 96) in the case of TPA or histone acetylation for butyrate (54) . A viral replication cycle triggered by these inducing agents may differ from physiological replication to a certain extent because the widespread targeting of signal transduction by TPA and butyrate may bypass the more complicated and subtle regulatory pathways that are engaged during a physiological viral replication cycle. Here, we demonstrate that Rta expression induces a carefully ordered, genomewide program of viral gene expression, leading to the production of infectious virions. Shortly after the induction of Rta, the expression of a set of genes that includes many well-known transactivators increases. Somewhat later, the expression of genes involved in viral DNA replication increases. At the latest time points following Rta induction, the expression of viral structural genes increases. These results indicate that Rta efficiently induces a complete cycle of viral replication, including a well-ordered program of KSHV gene expression and production of infectious viral progeny.
While the general features of the genomewide expression patterns that characterize the KSHV lytic replication cycle appeared to be similar following induction by exogenously added TPA and induction by the KSHV Rta transactivator, certain features of the expression patterns distinguished the viral gene expression patterns following the two modes of induction. For example, Rta induces lytic gene expression to higher levels than TPA stimulation, indicating that Rta may be a much more potent global inducer of KSHV gene expression than TPA. This might, perhaps, be expected, since Rta is the physiological transactivator responsible for the induction of KSHV gene expression during the course of the viral life cycle and is believed to be one of the key genes controlling the exit from latency and entry into a lytic infection cycle. Furthermore, the patterns of expression of certain individual genes differed in the TPA-treated and the Rta-induced cells. For example, a carefully ordered program of Rta-induced viral gene expression was clear for the vOX2 and vGPCR genes, which are derived from a single bicistronic transcript. The expression of both transcripts strongly increased upon Rta expression, reached a maximum at 16 to 20 h, and declined afterward, whereas their expression increased weakly and continuously upon TPA stimulation (Fig. 4A) . Other genes that showed notable differences in expression patterns from microarray analysis following Rta and TPA induction (68) were ORF K13 (vFLIP), ORF72 (vCyclin), and ORF K9 (vIRF-1). Increases in their expression occurred at earlier time points in Rta induction than in TPA induction (68) . Another interesting difference is that ORF73 (LANA) showed a substantial increase in expression following Rta induction, while its expression was relatively constant following TPA induction (68) . In fact, ORF73 expression of mouse herpesvirus 68 has also been shown to increase during lytic replication (1). Thus, an overall appreciation of the expression program following Rta induction reinforces the notion that Rta is the physiological transactivator and that it plays a central, controlling role in the KSHV replication cycle.
To provide general views of the gene expression kinetics following induction of Rta, we used several complementary approaches to organizing and analyzing the expression data: hierarchical clustering, clustering using SOM analysis, classification according to maximal change in the rate of expression, and classification according to when the genes first show a twofold increase over baseline. The hierarchical clustering and SOM group the genes according to their expression profiles over the course of the experiment. The SOM grouping into four clusters may be helpful, given that herpesvirus gene expression patterns have often been considered to fall into four general classes (immediate early, delayed early, middle, and late). The grouping according to the maximal rate of change of expression and the doubling time analysis may be helpful because, when the systems that control gene expression are considered, the time at which a gene is first induced may be of particular interest. Each of these approaches has drawbacks, however. The doubling time analysis may be confusing for genes that have unusually low or high baseline levels of expression, while the rate-of-change analysis may be perturbed by noise in the measurements. Nevertheless, the different approaches show general agreement, although some details may differ. For example, many genes in SOM group 1 were also assigned to the red group according to their rates and showed doubling of expression at the earliest time points during the experiment. These groups included several transactivators and regulatory genes. Conversely, genes in SOM group 4 were generally placed in the blue group by the rate analysis and generally had later doubling times. While no analytical approach may provide a perfect view of the expression program, a combination of approaches may offer additional insights and help guide future studies of individual gene functions.
The generation of a cell line latently infected with KSHV and containing an inducible viral transactivator that, upon induction, can trigger a well-ordered viral lytic gene expression program culminating in the production of infectious virions should be of significant help in understanding KSHV replication and pathogenesis. Since the herpesviruses use similar infection and replication strategies, this approach should be useful not only for KSHV but also for other ␥-herpesviruses, like EBV, for which a cell line truly permissive for viral replication do not exist.
